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Abstract 
Experience has shown that higher shutter speed or framing rate may cause signal drop out and the loss of the weak 
flame emission. On the other hand, slow shutter speed or frame rate will not be able to resolve the higher flame 
oscillation frequency. In this study, two synchronised high speed cameras are used to investigate the effect of 
camera shutter speed and frame rates on the colour imaging quality and oscillation frequency of a premixed 
methane flame. Through an innovative digital imaging enhancement technique, the weak blue flame colour pixels 
can be selectively enhanced for better visualisation and analysis. As a result, the same flame imaged at different 
shutter speed can be compared and contrasted with good accuracy. Test cases are carried out to provide better 
understanding of flame structure and dynamics.  
© 2014 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
Optical visualization of flames plays an important role in the in-depth understanding of the complex 
combustion phenomena [1]. Especially, a high-speed camera is able to provide non-intrusive and 
continuous monitoring of flames. Through the recorded images, further analysis on colour [2], 
temperature [3] and flame dynamics [4] can be done. 
In practical application, take the endoscope of engine as an example, diagnosis can be done without 
demolition through the record of images on the ignition states, gas dynamic characteristic and flame 
oscillation [5], which also makes a detection, recognition and quantitative assessment of the occurring 
damages and material defects possible[6]. But the violent vibration, which is caused by the cylinder 
knock [7] and the flame oscillates due to turbulence and effects such as buoyancy convection [8],  
fuzzy up the boundary of the flame. The selection of the frame rate and shutter speed has an important 
effect on the accuracy of the flame phenomenon.  Low frame rate causes a loss in details while high 
frame rate may lead to signal drop out. How to balance these two factors is of importance during 
recording. 
This study will focus on the flame colour oscillation [9]. Two synchronised high-speed colour cameras 
are applied to image the same flame. They are used to observe and compare the colour and oscillation 
frequency of premixed methane flames imaged at various frame rates and shutter speeds. The 
quantitative information of images is extracted by RGB flame spectrum model [10].Then the pixel 
values of the same flame images captured from the two cameras are compared. Finally, the oscillation 
frequency of the flame is calculated and compared by performing the FFT for each time series [11]. 
The lower frame rate images would lose details due to flame smoothing out of the fast oscillating 
components and give inaccurate flame dynamics while higher frame rate images would suffer signal 
drop out due to shorter exposure time. The aim of this paper is to provide a comparative investigation 
of these factors by using two synchronised high-speed colour cameras.  
2. Experimental setup  
Figure. 1(a) demonstrates the overview of the experimental setup [12]. It consists of a burner system, a 
control system, and two synchronised high-speed cameras to capture simultaneous images at different 
frame rate and shutter speed. 
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The control system applied the LabVIEW program to control the flow meter of methane and air. The 
fuel and air are mixed in a mixing chamber to ensure they are fully premixed. In Test Case 1, the fuel 
air ratio is 1/8 and in Test Case 2, the fuel-air ratio is 1/5. 
For the burner system, the premixed gas is methane and compressed air. Nitrogen dilution of the inlet 
mixture lowers the critical value of blowoff [13]. A cylindrical bluff body is set on the exit of the 
nozzle as shown in Figure 1(b) to avoid the blow off of the lean-premixed flame. The bluff body 
creates a recirculating wake structure that serves as a heat source for the continuous ignition of the 
incoming fresh [14]. According to the empirical correlation of Andrews and Bradley [15] for 
stoichiometric methane-air flames, 
ܵ௅ሺܿ݉ ݏΤ ሻ ൌ ͳͲ ൌ ͵Ǥͳ͹ ൈ ͳͲିସሾ ௨ܶሺܭሻሿଶ 
Figure 1. (a) Schematic diagram of the experimental set-up; (b) Burner setup 
The higher unburned temperature ( ௨ܶ) helps increase the laminar flame speed (ܵ௅) [16]. The flow 
achieves a higher Reynolds number and stabilizes the lean premixed flame [17].  
In the data collection system, the two high-speed cameras are synchronised and controlled by one 
trigger. For comparison, the master camera 1 has chosen three frame rates, 50 fps, 125 fps and 250 fps. 
While the slave camera 2 is set as a reference camera, that keeps a fixed frame rate of 500 fps.  
3. Result and discussion  
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Table 1. The original and enhanced premixed V-shape flame examples in case 1 taken at different camera frame 
rates (shutter speed=1/Frame rate) 
Table 1 presents one selected example images in each time series taken at different frame rate. It can be 
seen that with the increase of the frame rate, the visibility of the flame is gradually wakened due to the 
shortened exposure time. The flame is nearly invisible by naked eyes at a frame rate of 500 fps. After 
the enhancement by an innovative digital imaging processing program [10], the whole flame is clearly 
shown in the picture. At 50 fps, the flame is bright and smooth, which means the flame is almost 
having a time averaged appearance. To enhance the image at shorter exposure time, the blue colour 
flame pixels are identified and extracted. And then, these identified pixels will be selectively enhanced 
for easy observation and analysis. By careful observation, it can be seen that the images taken at 500 
(a) (b
Methane 
Air compressor 
Flow  
Meter 
Control 
 Value 
Flame 
Burner 
LabVIEW 
High-speed 
camera 1 
High-speed 
camera 2 
Chamber 
Nozzle  
Bluff body 
 Lukai Zheng and Yang Zhang /  Energy Procedia  66 ( 2015 )  237 – 240 239
fps,  there are a lot of black ‘holes’ in the image though the pattern of the flame is clear.  The 
observability of details has decreased due to signal drop out. From frame rate 1000 fps to higher, the 
whole flame cannot be visualised with confidence even after enhancement. At 3000 fps, the boundary 
of the flame is obscure, only the brightest part of flame can be seen. At 4000 fps, the flame fades into a 
flickering light spot.  
Case 1: pixel values 
Frame rate: 50 fps and 500 fps Frame rate: 125 fps and 500 fps Frame rate: 250 fps and 500 fps 
   
 Case 2: pixel values 
Frame rate: 50 fps and 500 fps Frame rate: 125 fps and 500 fps Frame rate: 250 fps and 500 fps 
   
Table 2. The comparison of pixel intensity (after enhancement) between the ‘master’ camera (red line) and ‘slave’ 
camera (blue line) in each time series.  
In table 2, each graph shows the mean pixel values of the images taken from the master camera and 
slave camera simultaneously. Red line represents the mean pixel values from the master camera and the 
blue line from the slave camera. The dotted line is the average value of all the selected images. From 
the two cases of experiments, at low frame rate 50 fps, there is a obvious fluctuation of the pixel value. 
But  at the same time of the big wave, it is no evident rise and fall in the high frame rate 500 fps. The 
main reason is that one image from 50 fps is the superposition of ten images from 500fps, the 
superposition makes the characteristisc in each time section more insistent. Furthermore, due to the 
underexposure at high shutter speed, the images taken at 500 fps may suffer signal drop out problem. 
Regarding the dotted line as a benchmark, the overall fluctuation trend is same. 
Case 1: FFT 
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Case 2: FFT 
Frame rate 50 fps and 500 fps Frame rate 125 fps and 500 fps Frame rate 250 fps and 500 fps 
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Table 3. The comparison of FFT (after enhancement) between the ‘master’ camera (red line) and ‘slave’ camera 
(blue line) in each time series 
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Table 3 displays the FFT results of the images from both cameras in each time series.  For the Y-axis, 
the most prominent feature is that the blue line from slave camera always gives more distinctive 
undulation. That is due to the distribution of weighted density of the each frequency is clearer than that 
of the low frame rate images. It implicates the high frame rate camera detects more accurate frequency 
for the flame oscillation. For the X-axis, according to the data list in the table, the main frequency is 
0.4883. But at the frame rate of 50 fps from both cases, its peak point located on X-axis at 0.3906. The 
discrepancy is apparent, but the reason for this inconsistency at low frame rate is worth of further 
exploration. One more character worth of pointing out is that with the increase to the frame rate in each 
case, the two lines gradually fit each other.  
4. Conclusions 
Frame rate and shutter speed play a vital role in the observation of flame shape, colour and flicking. 
The experimental test cases have shown that low frame rate images give bright flame images. But due 
to its poor temporal resolution it is not adequate to resolve the fast oscillating components.  On the 
other hand, high frame rate images provide much better performance on the FFT frequency analysis, 
especially after the colour enhancement. In addition to this, with the increase of the shutter speed, the 
boundary line becomes shaper and it provides better view of the dynamic condition of flame. But if the 
shutter speed is too high, it gives darker images and the whole flame shape cannot be easily identified 
because of limited exposure time. Even after the colour enhancement, the picture quality is still poor.  
Especially when the frame rate is over 1000 fps, the images fail to provide visualisation and analysis 
with confidence. Care has to be taken in flame imaging and analysis. 
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